a b s t r a c t USP's peptide reference standards content is typically determined using an HPLC assay against an external standard for which the purity was determined by a mass balance approach. To explore the use of other analytical methods, the USP Biologics Department conducted a multi-laboratory collaborative study. The study determined the inter-laboratory variability for peptide quantitation using the following methods: HPLC assay, quantitative nuclear magnetic resonance (qNMR) spectroscopy, or amino acid analysis (AAA). The three methods were compared with regard to their suitability for quantitation of the nonapeptide oxytocin. In this study, the HPLC assay method using the same peptide bulk material as the standard showed the lowest inter-lab variability. The coefficient of variation (%CV) was calculated without counting the uncertainty associated with the purity assignment of the standard with mass balance. The proton qNMR method is a direct measurement of the peptide against an internal standard, which is not difficult to perform under common laboratory conditions. Because of the simpler operation and shorter analytical time, qNMR as a primary method for peptide reference standard value assignment deserves further exploration.
Introduction
Peptide therapeutics offer the benefit of high selectivity of biologics and often can be manufactured synthetically, and are continuously gaining increased presence in the market [1] . To support accurate measurement of peptides in pharmaceutical development and quality control, peptide reference standards are required for calibration in liquid chromatography, mass spectrometry or other assays [2] . Purity determination of peptide reference standards is challenging and typically requires specialized methods.
The United States Pharmacopeia (USP) peptide reference standards (RS) have been typically packaged using bulk material. The purity of the RS was assigned by mass balance, which measures all detectable impurities and subtracts these from 100%. Because most peptides are very hygroscopic, such RS require users to weigh out the RS in a controlled humidity environment, determine water content at the time of use, and correct the water content in order to calculate the standard solution concentration.
To improve the ease of use, packaging of peptide RS has shifted to use lyophilization. This involves first dissolving the peptide bulk material in water with or without excipients, filling a predetermined volume of the solution into ampoules or vials with high precision (%CV of fill weight is <0.50), the solvent is then removed by sublimation via the process of lyophilization. The assigned value of such prepared RS vial or ampoule is determined by assaying against a well-characterized primary standard, which is usually the same peptide bulk material whose purity has been determined by mass balance.
To improve the accuracy and precision of the assigned values of peptide RS packaged by lyophilization, a collaborative study was conducted. The study's main objective was to evaluate and compare different analytical methods for the quantitation of peptide materials. By using the peptide RS candidates, the study focused on comparing three analytical approaches, namely quantitative nuclear magnetic resonance (qNMR), amino acid analysis (AAA), and chromatographic (HPLC) mass balance assay. qNMR utilizes its unique ability to achieve equal magnitude of response from magnetic nuclei, such as 1 H, independent of chemical structure. AAA is based on quantifying stable amino acids following peptide hydrolysis. HPLC selectively quantifies an analyte of interest against a reference standard of the same analyte.
The collaborative study was conducted to address two goals:
• To determine the inter-laboratory variability when measuring peptides content using one of the following methods: HPLC assay, qNMR, and AAA.
• To compare the three methods above and determine which one is the most suitable for the quantitation of peptide RS, filled and lyophilized into ampoules or vials, that can be used by simply reconstitution.
In addition to USP laboratories, 11 laboratories representing industry, government, metrology, and standard-setting organizations participated in the study. Laboratory tests by all collaborators were performed between April and September 2016.
Experimental Methods

Materials and reagents
The materials and instruments used in this collaborative study included the following: -USP Oxytocin Reference Standard candidate prepared by lyophilization with high-precision fill controlled by in-process weight check to assess the vial-to-vial variability. 1  x  x  2  x  x  x  3  x  x  4  x  5  x  6  x  7  x  8  x  x  9  x  10  x  11  x  12  x  13  x  14  x Note: x represents lab participation.
13C6: CIL, Lot # PR-21540, Cat # CLM-2248-H-0.1) were used as internal standards by Lab 3.
58879, 61819, 81709) were used as primary calibrants and isotope labeled amino acids: Isoleucine (U-13C6), Leucine (U-13C6), Proline (U-13C5, 15N) (Cambridge Isotope Laboratory, Product #: CLM-2248, CLM-2262, CNLM-436) were used as internal standard by Lab 7. -Amino acid standard -H (Thermoscientific, Product #:catlog:
20088) was used by Labs 2 and 9.).
In this study, the oxytocin samples were stored at −20 • C, shipped on dry-ice, and the sample temperature was monitored through international cold chain shipment. Lab 1 using the HPLC method as described in Sections 2.8 and 2.9 checked the purity of oxytocin after lyophilization. Total impurities after lyophilization was 1.02% vs. 1.08% for the bulk material before lyophilization. The observed difference is within experimental limit. An accelerated stability study was conducted for the lyophilized oxytocin sample stored at −20 • , 20 • , 37 • , and 45 • C. The total impurities (%) increase rate vs. the reciprocal of temperature in Kelvin was calculated using Arrhenius equation. The correlation coefficient (r 2 ) is 0.9933. The projected degradation rate at −20 • C is 0.014%/year by Arrhenius equation. The major degradants observed are: carbimido oxytocin, acetyloxytocin, ␣-oxytocin dimer, and ␤-oxytocin dimer.
Participating labs and study design
A total of 14 labs in 10 countries took part in the study. Each lab is referred to by a code number, and 
NMR instrumentation
The NMR measurement was performed by transferring an aliquot (e.g., 300 L) from each of the two vials into a suitable NMR tube (e.g. 5-mm) to combine them. The typical NMR acquisition parameters include using a 30 • pulse, with a 30-second relaxation delay to ensure complete spin relaxation, and typically 64 scans. After data acquisition, Fourier transform, phasing, baseline correction, and signal integration was performed for the selected peaks of oxytocin and for the internal standard (caffeine, maleic acid, or TSP-d 4 ). Alternatively, one lab (lab 3) measured the 1 H spin-lattice relaxation time (T 1 ) for a sample containing oxytocin and internal standard in D 2 O prior to qNMR analysis, using the acquisition parameters: 90 • pulse with a relaxation delay of 50 s (approximately 7x the longest relevant T 1 ) and 32 scans. NMR spectrometers with magnetic field strengths ranging from 300 MHz to 700 MHz were used by the collaborators.
Quantification by NMR
The determinations in this study were performed on 1D 1 H NMR spectra through the proportional comparison of the peak areas integrated for both the selected signal from the internal standard and from the Oxytocin.
Where R u is the sum of the peak areas of the signals corresponding to 4 H of tyrosine, R s is the peak area of internal standard, n s is the number of hydrogens generating the selected signals for integration, 4 is the four hydrogens from tyrosine of oxytocin, Cs is the concentration of the internal standard solution in mg/mL, 1007.2 is the molecular weight of oxytocin in g/mol, MW s is the molecular weight of the internal standard in g/mol, V is the volume of internals standard solution pipetted into each vial (0.5 mL).
AAA sample preparation
The sample solution was prepared by adding a known amount of hydrolysis solution (6-12) mol/L HCl containing a preservative such as phenol or sodium sulfite) and an internal standard such as norleucine or deuterated amino acids to each lyophilized oxytocin sample vial. An aliquot of this solution was transferred into a hydrolysis vessel. The vessel was evacuated and sealed by melting and then heated at 110 • C-115 • C for 12 h to 24 h. The contents of the hydrolysis vessel were cooled and dried in a vacuum. The residue was quantitatively dissolved in diluted HCl (typically 0.02 mol/L HCl). The amount of oxytocin was analyzed using a suitable amino acid analysis condition (derivatized or un-derivatized) to determine the concentrations (in nmol/mL) of the stable amino acids such as Asp, Glu, Gly, Ile, Leu, Phe, and Pro. The amount of oxytocin was calculated using the average number of nmol/mL of the amino acids found to be stable.
Quantification by AAA
For the amino acid quantitation, Lab 8 used post-column ninhydrin derivatization and Lab 9 used the pre-column OPA (ortho phthalaldehyde)/FMOC (fluorenylmethoxy chloroformate) amino acid method. Labs 3 and 7 used isotope ( 13 C)-labeled amino acid as an internal standard to spike the sample and standard prior to hydrolysis, and the amino acids were quantified by LC-MS/MS. The peak responses selected from the stable amino acids (Asp, Glu, Gly, Ile, Leu, Phe, and Pro) are used for quantification.
Where R u is the of the peak areas of the signals corresponding to sample, R s is the peak area of standard, Cs is the molar concentration of the standard solution in mol/L, 1007.2 is the molecular weight of oxytocin in g/mol, V is the cumulative sample solution volume in mL.
HPLC sample preparation
The standard solutions were prepared in triplicate. The sample solutions were prepared by reconstitution. Typical sample preparation was done by pipetting 4.0 mL of water into each vial, and then mixing well by invertion. A 1:25 dilution was then made with mobile phase A (e.g.: 2.0 mL of the solution was transferred into a 50 mL vol flask, and dilute to vol with mobile phase A). Each solution was injected in duplicate. The concentrations of standard and sample solutions were 0.02 mg/mL in mobile phase A. The purity of the oxytocin standard was taken into account when generating the standard solution, the final concentration of oxytocin is 0.02 mg/mL.
HPLC instrumentation
A C 18 column (250 mm × 4.6 mm, 5 m, e.g., Waters Symmetry) was used for the gradient elution. The flow rate was 1.5 mL/min. Oxytocin was detected at 220 nm (UV), the column temperature was set to either 25 • C or 40 • C. The standard and sample injection volumes were set at 100 L. The mobile phases consisted of (A) 0.1 mol/L sodium dihydrogen phosphate in water and (B) a mixture of water and acetonitrile (50:50, v/v). The gradient program is shown in Table 2 . 
Quantification by HPLC
The oxytocin peak responses of the injections of sample and standard measured by HPLC are used for quantification.
Where r U is the peak response from sample solution, r T is the peak responses from standard solution, Cs is the concentration of the standard solution in mg/mL, V is the cumulative sample solution volume in mL.
Results and discussion
According to ICH Q2 [3] , precision may be considered at three levels: repeatability, intermediate precision, and reproducibility. Repeatability is assessed by performing multiple determinations of the same sample on the same day(s) by the same analyst and instrument in the same lab. Intermediate precision involves assessing typical variations in factors such as day, analyst, and equipment within the same lab. Reproducibility is assessed by means of an inter-laboratory trial. Reproducibility should be considered with regard to standardization of an analytical procedure. There were many published results that have evaluated the repeatability and intermediate precision of an HPLC assay, qNMR, and AAA within a single lab. In this study, the reproducibility or inter-lab precision (variability) is the key focus. The data were analyzed using SAS Proc Mixed (Windows version 9.4). Laboratory is an assumed random effect to allow for correlation of results within laboratory.
The HPLC method was an established USP compendial method. HPLC methods in the USP monographs are commonly validated following well recognized ICH guidelines. The qNMR and AAA used in this study are neither compendial nor validated. Currently, the validation of qNMR on a specific analyte such as oxytocin is not reported in the literature.
Comparison of method precision
qNMR results
Six participating labs performed a qNMR analysis, and each tested a total of six samples. Sample numbers 1-3 were prepared and tested on the same day and samples 4-6 were prepared and tested on a different day. Samples 1 and 4 were tested using an internal standard (caffeine) with a concentration of 2 mmol/L, samples 2 and 5 were tested using an internal standard (caffeine) at 3 mmol/L, and samples 3 and 6 were tested using an internal standard (caffeine) at 4 mmol/L except for Lab 6. Lab 3 tested using caffeine [(2, 3, and 4) mmol/L] as an internal standard for Day 1 and maleic acid (2 mol/L) as an internal standard for Day 2. Lab 6 used deuterated trimethylsilylpropionic acid (TSP-d 4 ) as the internal standard instead of caffeine or maleic acid, and Lab 6 only tested one sample at each concentration. The results (mg of oxytocin per vial) appear in Table 3 .
Lab 1 used a 600 MHz NMR spectrometer with caffeine as the internal standard. The signals of four aromatic hydrogens at 6.8 ppm-7.2 ppm of oxytocin (averaged) and the singlet corresponding to the aromatic hydrogen (1H) of caffeine at approximately 7.9 ppm were used for quantitation.
Lab 2 used a 500 MHz NMR spectrometer and caffeine as the internal standard. Prior to qNMR analysis, the 1 H spin-lattice relaxation time (T 1 ) was measured for a sample containing oxytocin and internal standard in D 2 O. The signals of four hydrogens at 6.8 ppm-7.2 ppm of oxytocin (averaged) and the singlet corresponding to the aromatic (1H) of caffeine at approximately 7.9 ppm were used for quantitation.
Lab 3 used a 600 MHz NMR spectrometer and both caffeine and maleic acid as internal standards. The signals of four aromatic hydrogens at 6.8 ppm-7.2 ppm of oxytocin (separately or averaged gave comparable results) and the singlet corresponding to the methyl (3H) of caffeine at 3.4 ppm-3.5 ppm were used for quantitation for samples 1-3. With the alternative internal standard, maleic acid, the singlet signal at 6.22 ppm gave comparable results with better repeatability for samples 4-6.
Lab 4 used 300 MHz and 600 MHz NMR and caffeine as the internal standard. The signals of four hydrogens at 6.8 ppm-7.2 ppm of oxytocin and the singlet at approximately 7.9 ppm corresponding to the aromatic (1H) of caffeine were used for quantitation. This lab reported that using either of the two aromatic signals' responses (2H) or the sum of the two aromatic signals (4H) gave comparable assay results. Lab 4 also found that the 300 MHz (equipped with a broad band probe) and 600 MHz (equipped with a cryo probe) yielded comparable results, although there was larger measurement uncertainty at 300 MHz due to the limited resolution and sensitivity.
Lab 5 used a 500 MHz NMR spectrometer and caffeine as the internal standard. The signals of four hydrogens at 6.8 ppm-7.2 ppm of oxytocin (averaged) and the singlet corresponding to the aromatic (1H) of caffeine at 7.9 ppm were used for quantitation.
Lab 6 used a 700 MHz NMR spectrometer and TSP-d 4 as the internal standard. The signals of 11 hydrogens at 6.8 ppm-7.2 ppm (4H), 2.8 ppm-2.9 ppm (4H), and 2.1 ppm-2.3 ppm (3H) of oxytocin (averaged) and the singlet at 0.0 ppm corresponding to three methyl groups (9H) of TSP-d 4 were used for quantitation.
Statistical analysis indicated that the sample mean is 1.798 mg without excluding any lab, but if Lab 6 is excluded, because of the lack of Day 2 results, it is 1.779 mg. The lab-to-lab variance (reproducibility) and the sample-to-sample variance within each lab (repeatability) are summarized in Table 4 .
AAA results
Five participating labs performed the AAA test, each lab tested two samples per day over 2 days, for four samples per lab. The results from one lab (Lab 8) was invalidated due to inconsistent responses of the amino acid standard solution. The results, mg of oxytocin per vial, from the four remaining labs are presented in Table 5 .
Lab 2 used the hydrolysis condition as described in Section 2.3. The amino acids were quantified using pre-column OPA/FMOC derivatization followed by HPLC analysis [4] against an amino acid standard containing 17 amino acids derivatized concomitantly. The oxytocin content was calculated using the average content of Gly, Ile, Leu, and Pro. Lab 3 analyzed samples as is without derivatization with LC-MS. A 6 mol/L HCl solution was used as the hydrolysis solution. The solution was heated at 110 • C for 48 h with constant stirring. There was no sample preparation or clean-up after the hydrolysis to avoid potential biases, only a 25-fold dilution was performed and used a divert valve was to minimize contamination of the mass spectrometer by chloride ion. In-house standards for Leu, Ile, and Pro were used as primary standards. 13 C-derivatives of all amino acids were spiked as internal standard for samples and standards prior to hydrolysis. The analysis was carried onto a zwitterion hydrophilic interaction liquid chromatography (HILIC) column (ZIC ® -HILIC, 100 mm × 2. Compound-specific MS parameters, i.e., collision energy (CE) and monitoring ions (Q3), were optimized for every analyte individually by infusing a standard solution of the target compounds. Dynamic multiple reaction monitoring (MRM) was performed, setting the retention times of the analytes, with a time window of 2 min and a dwell time of 100 ms.
Lab 7 analyzed samples via vapor phase hydrolysis with monitoring of Leu, Ile, and Pro. Samples were prepared by placing them into separate glass autosampler vial inserts along with isotopically labeled amino acids used as internal standards. The samples were vacuum centrifuged to dryness. Hydrolysis was performed for 48 h at 118 • C in a sealed Teflon vessel (40 mL) containing 2 mL of 6 mol/L HCl. Each vessel also contained standards prepared for external calibration with a five-point standard curve. The quantitation method was isotope-dilution mass spectrometry coupled with HPLC. Separation was achieved by using a SIELC Primesep 100 mixed-mode (ion-exclusion and reverse phase) analytical column (2. waste. Proline transitions were monitored from 5 min to 13 min, leucine/isoleucine from 13 min to 16.5 min. External calibration was performed via linear regression using the response and mass ratios of the standards applied to the samples.
Lab 9 used the hydrolysis condition as described in Section 2.3 with 6N HCl at 110 • for 21 h. The amino acids were quantified using post-column ninhydrin derivatization with the EZChrom software provided on the Hitachi L8800 to integrate chromatograms and perform regression analysis using peak heights.
Statistical analysis indicated that the sample mean is 1.733 mg. The lab-to-lab variance (reproducibility) and the sample-to-sample variance within each lab (repeatability) are summarized in Table 6 .
HPLC assay results
Eight participating labs performed the HPLC assay test. The design of HPLC test is a one day test by each lab, eight samples per lab. The results from one lab (Lab 10) was not included because Lab 10 was unable to obtain stable water content by Karl-Fisher, which implies insufficient humidity control during the assay standard preparation. The results in mg of oxytocin per vial from the seven remaining labs appear in Table 7 .
Statistical analysis indicated that the result of 1.910 mg by Lab 2 was an outlier. With this exclusion, the sample mean was 1.806. The lab-to-lab variance (reproducibility) and the sample-to-sample variance within each lab (repeatability) are summarized in Table 8 .
All Labs used the same HPLC condition, as described in Sections 2.7-2.9. All collaborators also used the same USP oxytocin standard material as the HPLC assay test. The purity of the standard on an anhydrous basis was calculated by mass balance (100 -total HPLC impurities) × (100 -acetic acid -residual solvents -inorganic residue)/(100 × 100), in which the total HPLC impurities and acetic acid are calculated using the average of six labs' results. The manufacturing process used for generating the oxytocin standard material ensures that residual solvents and inorganic residue contents were close to zero; this was tested and confirmed by the USP Reference Standard Lab. The water content of the standard material was measured with Karl-Fisher (KF) titration by each lab at the time of use, and the KF results were used to correct the overall purity of the standard used by each individual lab. The variability of the mass balance result could be attributed to the differences between labs in measured HPLC impurities and acetic acid content (Table 9 ).
Results comparison
The three quantification methods yielded comparable means: 1.807 mg by HPLC assay, 1.798 mg by qNMR, and 1.73 mg by AAA. In this study, the HPLC assay yielded the least intra-and inter-lab variability. AAA appeared to have much higher intra-lab and inter-lab variability, compared with qNMR and HPLC. This higher variability is further discussed in Section 3.2.2. The individual data of the three methods are illustrated in Fig. 1 .
The seven labs that performed the HPLC assay used the same HPLC method, and all seven labs are highly proficient in HPLC analysis. Six labs performed the qNMR test, and five of them used a similar condition with the same internal standard-caffeine. Initially, we had anticipated better accuracy and precision for qNMR analysis because the method uses a highly pure, simple compound as the internal standard. We provided a highly characterized USP Caffeine RS to all six labs. Five of them reported results using caffeine as the internal standard and one lab reported results using in-house TSP-d 4 as their internal standard. Labs 3 and 4 performed additional studies using alternative internal standards. These results are discussed in Section 3.2.1.
Selection of internal standard for qNMR
In this study, five labs used caffeine as the internal standard for quantification; the typical 1 H NMR spectrum of oxytocin with caffeine is shown in Fig. 2 . The chemical shift (␦) of signal at 7.90 ppm from caffeine and the two signals from four hydrogen associated with tyrosine of oxytocin can be measured easily for quantification.
Caffeine was used as the internal standard by five laboratories. The signals associated with caffeine at approximately ␦7.90 ppm did not interfere with analyte oxytocin signals at ␦6.9 ppm to 7.2 ppm (see Fig. 2 ). Reproducible NMR results thus were obtained in replicate determinations and are consistent with the assay values determined by other analytical methods. The inter-laboratory tests also confirm the suitability of this internal standard as well as the quantitation attempts, however most peptides have crowded overlapping signals in the region of 2 ppm-4 ppm. It was reported that caffeine's purine ring hydrogen (chemical shift ␦7.90 ppm) is likely to be solvent-and/or concentration-dependent due to the possibility of exchange, and may not be optimal for quantification. However, the results obtained in the present work indicate that caffeine is a useful internal standard for quantification of oxytocin in D 2 O solution. Fig. 3 contains the 1 H NMR spectra of some typically used NMR internal standards for water-soluble compounds.
Maleic acid is readily available in pure form and has a simple 1 H NMR spectrum; the singlet proton signal is unlikely to overlap with peptide signals, and may be a more suitable qNMR internal standard, for quantification of peptides, than caffeine. Another alternative would be 3-sulfolene, that shows two signals at ca. 6.2 ppm and 4.0 ppm (Ref. [6] ). Lab 3 compared the use of maleic Fig. 2 . A 600 MHz NMR spectrum of Oxytocin with internal standards caffeine (marked *) and TSP (marked † ). acid versus caffeine as an internal standard and the results are shown in Table 10 . A similar amount of oxytocin was obtained with both standards, but the use of maleic acid provided better withinlab precision (repeatability). Maleic acid displays one well resolved singlet peak in the spectrum, in an often signal free part of the spectrum.
Observation of amino acid analysis
AAA, has been one of the earliest adopted technique for Peptide quantification measurement of the amino acids often proceeded by liquid chromatography or liquid chromatography -tandem mass spectrometry (LC-MS/MS), using carbon-13 labelled amino acids as internal standards in most cases [6] [7] [8] [9] . This approach is well-established and has been validated through international comparison exercises [10] . Peptide reference standard value assignment has typically been performed by amino acid analysis following peptide hydrolysis [JM3 -6] . Several amino acids such as leucine, proline, valine, and phenylalanine are stable under the acid hydrolysis conditions and can be used as proxies for quantitation of the parent peptide [6] . AAA is widely used for peptide and protein quantitation, this study only had four labs that performed the AAA test, which is not enough to draw a conclusion about using AAA for peptide quantitation. The survey result from this study reveals that the accuracy and precision are highly dependent on the quantitation methods. The LC-MS method used by labs 3 and 7 gave low intra-lab variability, but this method used 13 C isotope-labeled amino acids as an internal standard, which is not an established approach by pharmaceutical industry labs. The routine pre-or post-column derivatization methods used by Labs 2 and 9 have variability that is too high to be a top choice for peptide quantitation.
Conclusions
In conclusion, the study described above demonstrates the use and suitability of three distinct analytical methods for peptide quantification: HPLC, qNMR, and AAA. The merits of these approaches and the significance of the results achieved have been evaluated statistically. In this study, the traditional HPLC assay method using the same peptide bulk material as the standard had the lowest inter-lab variability.
qNMR spectroscopy has been employed for value-assignment of peptide reference standards [11, 12] . qNMR for peptide quantitation has also been evaluated through international comparison exercises [13] , and relative to amino acid analysis offers the advantage of measuring peptides directly without the added complexity and potential errors associated with acid hydrolysis. qNMR is easy to perform under common laboratory conditions. Its accuracy and precision can be enhanced by selecting appropriate signals from the peptide or selecting an internal standard that has nonexchangeable and non-overlapping signals in D 2 O. The scope of qNMR analysis can be also applied easily to peptide reference standards packaged by lyophilization.
The common peptide impurities are diastereomers, deletion/insertion sequence, hydrolysis, oxidation, and N-, O-acetylation related [14] . NMR is generally not suitable for quantification of these types of product-related impurities because they usually show similar 1D 1 H NMR spectra, thus making peak overlap likely. HPLC, especially LC-MS, is an easier separation tool for peptide product-related impurities. On the other hand, nonproduct-related impurities such as solvents can often be detected and quantitated by NMR. Statistical approaches would be required in those situations. In this study, the values assigned by NMR and AAA were not corrected for peptide related impurities, which in theory could contribute a bias comparing with the results by HPLC. The current study provides a promise for compendial adoption of the qNMR methodology. However, the roadmap to approach the validation of qNMR could be further developed. Because qNMR has the advantages of simpler operation and shorter analytical time, it deserves further exploration as a primary method for peptide assay [15] . For inclusion as a compendial analytical procedure, NMR would need to be introduced as more readily in pharmaceutical quality control (QC) laboratories.
